An experimental design for functional MRI (fMRI) is presented whose conceptual units of analysis are behavioral trials, in contrast to blocks of trials. This type of design is referred to as a trial-based (TB) fMRI design. It is explained how TB designs can afford the ability to: (1) randomize the presentation of behavioral trials and (2) utilize intertrial variance in uncontrolled behavioral measures to examine their functional correlates. A particular type of TB design that involves modeling trial-evoked fMRI responses with one or more shifted impulse response functions is described. This design is capable of discriminating functional changes occurring during temporally separated behavioral subcomponents within trials. An example of such a design is implemented and its statistical specificity, functional sensitivity, and functional specificity are tested. r 1997 Academic Press
INTRODUCTION
This paper will describe a general experimental design and ensuing parametric statistical analysis that exploits the temporal resolution of fMRI. This type of design uses trial-based (TB) behaviors as its conceptual units of analysis and is hence referred to as a trialbased design. A trial-based behavior may be defined as a self-contained behavioral/perceptual unit which is temporally delimited. Each trial-based behavior may be composed of one or several theoretical behavioral constructs or behavioral subcomponents. Perceptual discrimination, short-term memory, priming, and recognition memory are some examples of psychological constructs amenable to study as trial-based behaviors.
Essentially, TB designs attempt to model fMRI signal changes associated with trials as opposed to blocks of trials. In a fashion conceptually similar to event related potential (ERP) studies (e.g., Johnson et al., 1997) , the neuroimaging signals evoked in response to temporally isolated behavioral trials are recorded. These evoked fMRI responses are then analyzed within a statistical framework to test hypotheses regarding the neural substrates of the trial-based behaviors.
To motivate TB methodology, we will begin with a discussion of the ostensible experimental advantages of TB designs over traditional, ''blocked'' designs. Next, the basic logic of a specific type of TB design is discussed, with an emphasis upon the ability of fMRI to theoretically resolve discrete neural events. Finally, an empirical application of these ideas is presented, including tests of statistical specificity, functional specificity, and functional sensitivity.
Advantages of a TB Design
The transition from a blocked design to a TB design is accompanied by theoretical improvements in the implementation, analysis, and interpretation of functional neuroimaging experiments. These include the ability to: (1) randomize the presentation of behavioral trials and (2) utilize intertrial variance in uncontrolled behavioral measures to examine their functional correlates. These advantages will accompany any TB design and are a consequence of the ability to analyze signal changes evoked by temporally isolated trials. An additional advantage is conferred by the specific TB design to be presented here: the ability to discriminate functional changes occurring during temporally separated behavioral subcomponents within trials. This latter advantage provides the opportunity in some cases to avoid cognitive subtractive methodology. Each of these points will be discussed in turn below.
(1) Trial Randomization
One proposed advantage of a TB fMRI design is the ability to randomize trials. The trials of blocked designs utilized with both PET and fMRI are, by definition, not randomized. Rather, a blocked design 2 means that the variable(s) of interest is manipulated across periods of 1 To whom reprint requests should be addressed. 2 The use of the term blocked design here should not be confused with the use of blocking in ANOVA designs. In the latter type of designs, the treatments of interest are randomly assigned to experimental units within levels, or blocks, of nuisance variables. In contrast, we use the term blocked design here to denote the clustering together of similar trial types within the same blocks of time. In these designs, the average neuroimaging signal over a block of trials of type A is compared to the average neuroimaging signal over a block of trials of type B.
time in which many trials of the same condition are presented. This often leads to awkward behavioral constraints in these types of neuroimaging designs. For example, most studies of the neural substrates of recognition/novelty processing have involved presenting subjects with blocks of either all old or all new stimuli together for judgements of recognition (e.g., Nyberg et al., 1996; Schacter et al., 1996; Tulving et al., 1996) .
The randomization of trials would seem to be important when predictability of condition from trial to trial by the subject is a psychological, and thus by hypothesis a functional, issue. The interaction of the structure of trial presentation (i.e., blocked or random) with task can be hypothesized to occur on at least two levels. First, the order of trial presentation may interact with a behavioral task to have an effect upon the cognitive/ neural processes engaged during the trials themselves. Second, the structure of trial presentation may interact with a behavioral task to affect the behavioral state between trials [i.e., during the intertrial interval (ITI) or interstimulus interval (ISI)]. These two types of interactions are discussed separately below.
One possible temporal locus of interaction between the structure of trial presentation and behavior is during the trial itself. An example of this can be seen in the false recognition of lures semantically associated with words presented during study (Roediger and McDermott, 1995) . In their PET study, Schacter and colleagues (1996) reported a signal difference within the left temporo-parietal cortex between the veridical recognition of words and the false recognition of lures. As is standard for PET studies, the true targets (the words that were actually presented during learning) and lures were presented in separate blocks during the recognition test. A subsequent ERP study (Johnson et al., 1997) performed using the same word lists as the PET study also found differences between true targets and lures in a left parietal recording site, but only when the trial types were blocked as in the PET study of Schacter et al. (1996) . No such difference was found at this site when the trial types were presented pseudorandomly. This result was interpreted in the context of the source monitoring framework (Johnson et al., 1997) which posits that subjects rely on different strategies for recognition depending upon, among other variables, the test conditions. These results suggest, first, that two neuroimaging experiments, using the same stimuli, may differ fundamentally simply as a function of the structure of trial presentation, and, second, that the results of a test for such differences may bear directly upon the validity of a cognitive neuroscience model.
Another possible temporal locus of interaction between the structure of trial presentation and behavior is during the ITI. It is possible that some aspects of processing occurring during the ITI depend upon the local temporal context provided by previous trials. An effect of this kind might be manifested, for example, as a relatively long duration cognitive state that is associated with the performance of shorter duration behaviors. One teleological purpose of such a state might be to allow the subject to be optimally prepared for the trials of a particular condition. A classic, blocked PET or fMRI design would be sensitive to, and unable to distinguish between, both the changes in functional activity associated with different trials and the changes in functional activity between those trials (i.e., during the ITI). These kinds of effects have been previously observed with the methods of hemodynamic neuroimaging (Pardo et al., 1991), electroencephalography (EEG; Pleydell-Pearce, 1994) , and single-unit electrophysiology studies (Colby et al., 1996) .
(2) Utilization of Intertrial Variance in Uncontrolled Behavioral Measures or Trial Characteristics to Examine Their Functional Correlates
It is often of interest to ask questions regarding the relationship between functional activity and measurable aspects of either a trial-based behavior (e.g., accuracy, reaction time; Friston et al., 1995c) or characteristics of a trial (e.g., frequency of a word in a recognition paradigm, contrast of a visual stimulus, location of a stimulus in egocentric space). This is difficult to do optimally in a blocked paradigm (e.g., Nyberg et al., 1996) because the neuroimaging signal is averaged over blocks of trials, and hence the variance of such covariates (and thus the power to detect relationships with functional activity) is reduced. As explained below, TB designs allow the experimenter to exploit intertrial variance in behavior and/or trial characteristics to test for relationships between functional activity and these covariates.
(3) Resolution of Temporally Separated Neural Events
A type of TB design allows the discrimination of the neural correlates of behavioral subcomponents of an integrated behavior if these subcomponents are separated in time by a few seconds. As an example, one may examine the neural correlates of the later part of the memory-requiring delay period in paradigms that tap short-term memory, independently of the other behavioral components of the task. This example will be demonstrated in the current report (however, not all TB designs would necessarily have this ability). The ostensible utility of being able to attribute signal changes to different behavioral subcomponents is that one theoretically gains the ability to test hypotheses about the neural substrates of these subcomponents without relying on cognitive subtraction.
Logic of the Current TB Design

Using Impulse Responses to Model fMRI Signal Changes during Trial-Based Behaviors
Many behaviors of interest in psychology can take place on the order of hundreds of milliseconds. Depending on the behavior in question, a single behavioral trial may be hypothesized to be associated with a brief neural event (i.e., a neural transient). A set of many similar behavioral trials in time would then yield a succession of such neural transients. A neural transient will, in turn, cause a brief fMRI signal change (Richter et al., 1996) , which we informally refer to as an impulse response function (IRF; Boynton et al., 1996) . If we wish to model the evoked fMRI response caused by a single neural transient the IRF would seem an appropriate a priori candidate. Similarly, the fMRI signal evoked by a series of shifted neural transients would be modeled appropriately by a set of shifted IRFs. Different sets of such shifted IRFs could be used to model the evoked fMRI responses to different types of behavioral trials. Within this framework, there is no requirement for the different types of trials to appear in any particular order. Instead, different trial types can be presented in any order. By the same reasoning, one can separately model the evoked fMRI responses to trials categorized according to any scheme of interest (e.g., correct vs. incorrect trials; Aguirre et al., 1997) .
To optimize the signal:noise of a TB design, trials must be spaced sufficiently apart to allow evolution and full decay to baseline of hemodynamic signal changes between adjacent trials. If this is not done (and trials are presented, for example, every 2 s) the design will be of very low power. This is because of the low-pass filtering effected by hemodynamics. Short ITIs introduce high frequencies into the task (i.e., input) and hence will reduce the amount of task variance passed into the hemodynamic response.
It might initially be assumed that detection of the fMRI responses attributable to brief neural transients would be weaker than that afforded by blocked designs. Two observed features of the BOLD fMRI system may, however, undermine this assumption. First, it has been reported that the magnitude of the fMRI response is greater to brief neural inputs than would be predicted from the magnitude of the fMRI response to longer neural inputs (Boynton et al., 1996) . Second, reports of the 1/f character of BOLD fMRI noise suggest suboptimal signal:noise at frequencies typically used in blocked designs (Fig. 1) . The ability to detect fMRI signals associated with behavioral trials will be demonstrated empirically in this report.
Distinguishing within-trial fMRI signal changes. The temporal dynamics of neural activity are quite rapid, even in association (i.e., nonprimary) cortices. For example, neural activity in the lateral intraparietal area of macaques was observed to increase within 100 ms of the visual presentation of a saccade target (Gnadt and Andersen, 1988) . In contrast, the temporal dynamics of the BOLD fMRI signal increase are on a scale of seconds, apparently due to the relatively slow changes in blood flow (Leniger-Follert and Hossman, 1979; Conrad and Klingelhofer, 1989) which are hypothesized to play a role in decreasing the local de-oxyhemoglobin concentration (Malonek and Grinvald, 1996) . However, even within a single trial-based behavior, neural activity can contain meaningful information in the dynamic range of the fMRI signal. As an example, a subpopulation of neurons in dorsolateral prefrontal cortex was observed to have a response during both the stimulus presentation and the ensuing several seconds of delay of a delayed-response task (Fuster et al., 1982) . In such a case, fMRI should be able to temporally distinguish functional changes associated with the later delay period from those associated with the stimulus presentation (thus avoiding cognitive subtraction). This argument is based upon the autocorrelation function of an estimated BOLD fMRI IRF (Fig. 2) which suggests that evoked fMRI responses to neural events separated by at least 4 s should be readily resolvable statistically (Kleinbaum et al., 1988) .
FIG. 1.
Estimate (obtained from subject P) of the relative signal: noise in BOLD fMRI data vs the frequency of behavioral paradigm. This function was obtained by dividing the transfer function of the IRF from subject P (see Methods) by the 1/f model fit (Eq. (1) from Zarahn et al., 1997) to the square root of the average of the voxel-averaged power spectra across 13 noise datasets (data previously reported in Zarahn et al., 1997) , and then normalizing by the maximum of the resulting function. Overlaid is the bandwidth typically occupied by the fundamental frequencies of blocked paradigms (0 , frequency # 0.0167 Hz in light gray) and that corresponding to the trial durations found in TB paradigms (0.0333 # frequency # 0.0625 Hz in dark gray).
Application of a TB Design
Regions that remain active throughout the delay period of spatial short-term memory tasks are candidates for being involved in spatial mnemonic processes. Neural activity during the delay period of spatial short-term memory tasks has been observed in single units of many brain regions in nonhuman primates (for example, Fuster et al., 1982; Funahashi et al., 1989; Gnadt and Andersen, 1988) . Here we attempted to determine if any such functional activity could be observed in humans at the spatial resolution of fMRI with a TB experimental design. The same dataset was also used to test the validity of the TB methodology. For the sake of summary, attributes of the TB design utilized in this report and those of a typical blocked design are contrasted in Table 1 .
METHODS
Behavioral Paradigm
The behavioral paradigm involved positional discrimination (i.e., comparing the positions) of two visual stimuli that were presented either simultaneously or separated in time. The discrimination during the simultaneous stimuli presentation (called the No-Delay, or ND, condition) thus involved a perceptual discrimination, while the discrimination based upon temporally separated stimuli (called the Delay, or D, condition) was thought to require the memory of the first stimulus. The discrimination judgement of the subject was indicated by a motor response in both the ND and the D conditions.
There are two important differences between the ND and the D conditions in the context of this report. One is that during the ND condition, a motor response was produced by the subject in an early part of the trial, while in the D condition it was produced in a later part of the trial. This difference will be used later in tests of functional sensitivity and specificity. The second difference is that during the ND trials, the subject made a positional discrimination between two simultaneously presented visual stimuli, while during D trials the subject made a positional discrimination guided by remembered spatial information about a stimulus that was presented prior to a delay period. This difference is relevant to the test for changes in functional activity during the delay. The details of ND and D trials are presented below.
ND Condition
The time line of an ND trial is schematized in Fig. 3A . Each trial began with a blank screen (gray background) for 3600 ms. A centrally located dark fixation line (Fig.  4 ) then appeared and remained on the screen for a FIG. 2. Estimate (obtained from subject P) of the BOLD fMRI signal autocorrelation function. This provides a measure of the smoothness of the BOLD response to changes in neural activity and hence the temporal resolution of the BOLD signal. The broader the autocorrelation function, the more difficult it becomes to statistically resolve temporally neighboring neural signals with fMRI. Note that this is not the autocorrelation function of the entire fMRI time series per se (Boynton et al., 1996; Zarahn et al., 1997) , but rather only of those components conforming to convolution with the hemodynamic response (Friston et al., 1994) . The fMRI responses to neural events spaced $4 s apart should be readily resolvable with fMRI due to the fairly low autocorrelation at that lag (R > 0.29). period of 13.4 s. The subject was instructed to maintain fixation on this line for as long as it remained on the screen. At t 5 3900 ms, a dark line (referred to as the target; Fig. 4 ) appeared in the subject's upper left quadrant. One hundred milliseconds later, the target was joined on the screen by a second stimulus which was composed of a pair of lines separated by a distance equal to the length of the target line (referred to as the vernier; Fig. 4 ) for a further 1000 ms. During this 1000 ms, the subject made a response based on judging the relative eccentricities of the target and vernier stimuli. If the vernier was more eccentric (i.e., farther away from the fixation line) than the target line, the correct response was to press the right button of a gamepad interface with a finger of the right hand. Likewise, the left button was to be pushed with left hand if the vernier was less eccentric than the target stimulus. The probability of the correct motor response being left or right on any given trial was 50%. The response had to occur during the 1000 ms of the simultaneous target/ vernier stimuli presentation (time 5 4000-5000 ms after the beginning of the trial) or else it was not recorded. Thus, the response was required while the stimuli forming the basis of the judgement were still present. A blank screen was shown from the offset of the fixation line until the formal start of the next trial (which could have been an ND or D trial). A ''snapshot'' of a typical arrangement of fixation line, target, and vernier stimuli during time 5 4000-5000 ms of an ND trial is shown in Fig. 4 . 
FIG. 3. The temporal structures of individual (A) ND trials and (B) D trials of the spatial short-term memory task used to test the validity of the TB design. Each trial is 30 s long (including ITI
)
D Condition
The time line of a D trial is schematized in Fig. 3B . Each trial began with a blank screen (gray background) for 3600 ms. A fixation line then appeared and remained on the screen for a period of 13.4 s. The subject was instructed to maintain fixation on this line for as long as it remained on the screen. At t 5 3900 ms, a target appeared in the subject's upper left quadrant for 100 ms. A 12-s delay ensued during which only the fixation line was present. At t 5 16 s, a vernier stimuli appeared for a duration of 1000 ms. The same response rules as in the No-Delay trials determined the correct response. The response had to occur while the vernier stimulus was present (time 5 16,000-17,000 ms after the beginning of the trial) or else it was not recorded. Thus, the response was required while one of the stimuli that formed the basis of the judgement was not present (i.e., the target), while the other one was present (i.e., the vernier). Thus some mnemonic representation of the target was presumably required to respond correctly at an above-chance level.
The target stimuli for both the ND and the D conditions were presented at eccentricities of roughly 6-12°. All black line stimuli (fixation, target, and vernier) were approximately 0.2°thick and 1.7°long. The target and vernier stimuli on a given trial (either ND or D) were separated by approximately 1.1°along a radius emanating from the center of the fixation line at approximately a 45°angle.
Each trial in both the ND and D conditions was 30 s. This duration includes any effective ITI. The ND and D trials were presented pseudo-randomly in runs of 20 trials each (consisting of 10 ND and 10 D trials). The duration of a run was thus 10 min. Subject V (see below) performed 4 runs of the paradigm while being scanned, for a total of 40 ND trials and 40 D trials.
fMRI Scanning Methods
Subjects
Two healthy, male, right-handed volunteers (both age 19) participated in this study. They will be referred to as subjects P and V. Both gave informed consent.
Data Acquisition
Imaging was carried out on a 1.5T SIGNA scanner (G.E. Medical Systems) equipped with a prototype fast gradient system for echoplanar imaging. A standard radiofrequency (RF) head coil was used with foam padding to comfortably restrict head motion. Highresolution sagittal and axial T1-weighted images were obtained in the subject. Using the BOLD (Ogawa et al., 1993) technique, a total of 300 gradient echo echoplanar images per slice (TR 5 2000 ms, TE 5 50 ms, nine contiguous 5-mm axial slices) were then obtained in each of four activation runs at a resolution of 64 3 64 pixels in a 24-cm field of view. This yielded a total of 1200 data points in time per voxel. During these scans, the subject (either P or V) was performing a behavioral paradigm described above. Twenty seconds of ''dummy'' gradient and RF pulses preceded the actual data acquisition to approach steady-state tissue magnetization.
Data Processing
Off-line data processing was performed on SUN Sparc workstations using programs written in Interactive Data Language (Research Systems, Boulder, CO). After image reconstruction and prior to motion correction, the data were sinc interpolated in time to correct for the fMRI acquisition sequence. The data were then subjected to two iterations of least-squares, 6-parameter, rigid-body realignment (Friston et al., 1995a) without corrections for spin history (Friston et al., 1996b) . The motion parameters estimated during the second iteration for the dataset of subject V were less than 0.05 mm in translation in any direction and less than 0.15°in rotation about any axis. The performance of the motion correction resulted in the loss of the top and bottom slices (due to z-motion out of the field of view).
Analysis of fMRI Time Series
The time series analysis is based upon the separation in time between various behavioral subcomponents of the ND and D tasks relative to the temporal resolution of fMRI. Conceptually, the D condition was composed of the temporal subcomponents of stimulus presentation, delay, and discrimination/response periods. Each subcomponent is temporally contiguous with the other in that no absolute boundary can be laid down defining when one ends and another begins. However, as the duration of the delay period is long both with respect to neural dynamics and the fMRI response, it is theoretically possible to statistically isolate the delay period from the other task components. The strategy adopted involved modeling the possible fMRI response to neural activity occurring at each task subcomponent as a shifted BOLD impulse response function (IRF). Though this may initially not seem valid as all behavioral subcomponents (e.g., the delay) will not necessarily be brief, linear combinations of shifted IRFs will flexibly model nearly any fMRI waveform if the width of the IRF is on the order of the time between the shifted IRFs. An estimate of the BOLD fMRI IRF was thus required to compose the independent variables.
Acquisition of a BOLD IRF Estimate
To obtain an estimate of the BOLD fMRI IRF, a preliminary subject (subject P) was scanned using a similar protocol to the one used to scan the experimen-tal subject (subject V). A region of interest was defined around the central sulcus of subject P. This region of interest was used to generate trial-averaged time series for this subject. As the neural activity in this brain region was assumed to be involved only in somatosensory-motor computation, any changes in fMRI signal during the trials was taken to be attributable to the motor response in each trial. The fMRI response on ND trials (relative to the onset of the target and vernier stimuli at t 5 4000 ms) was thus taken as an estimate of the BOLD fMRI IRF (this method is similar conceptually to the pulsed IRF estimate of Boynton et al., 1996) . This seemed reasonable as the reaction times for ND trials (mean 5 461 ms for subject V) were brief relative to the smoothness of the observed fMRI response (Fig.  2) . This IRF estimate from subject P was then used to model the evoked fMRI responses of subject V. The advantage of doing this is (as opposed to using an IRF estimate from the same dataset one is analyzing statistically) is that one is not susceptible to artifactually high correlations that would occur due to stochastic fluctuations shared by the independent and dependent variables (due to spatially coherency in fMRI datasets; Zarahn et al., 1997) .
Logic for Independent Variable Composition and Test of Delay Period Activity
It has been observed in nonhuman primates that the neural responses to the isolated behavioral components found at the beginning and end of spatial working memory trials (i.e., the stimulus presentation and choice periods, respectively) are on the order of hundreds of milliseconds (Fuster et al., 1982; Funahashi et al., 1990) . Additionally, nearly all of the variance introduced in the fMRI signal by a brief (,1 s) neural input should be explained by an independent variable that models that evoked fMRI response as an IRF time-locked to this brief neural input. Independent variables that are composed of IRFs time-locked to the stimulus presentation and choice periods (which we will refer to as D1 and D4; see Fig. 5 ) should thus model the fMRI responses attributable to neural activity during these periods, respectively. In contrast, independent variables composed of IRFs shifted to the midst of the delay (which we will refer to as D2 and D3; see Fig.  5 ) should model fMRI responses corresponding to the middle of the delay period. This argument is presented graphically in Fig. 6 , which demonstrates how the coefficients of the set of independent variables would respond to increasing the duration of a square wave of neural input which is convolved with the IRF. The simulation presented in Fig. 6 assumes linearity.
General Linear Model
The statistical analysis was performed within the framework of Worsley and Friston's modification of the general linear model (GLM) for autocorrelated data (1995). The K matrix (Worsley and Friston, 1995) included estimates of 1/f noise as well as a filter which removed information above 0.217 Hz (which was applied to the fMRI time series). The purpose of the 0.217 Hz filter was to remove artifacts we observe in our data at and sometimes around the Nyquist frequency (0.25 Hz for TR 5 2 s). Little or no physiologic information is present in the fMRI signal in this range (Friston et al., 1994; Boynton et al., 1996; Zarahn et al., 1997) . The data were not temporally smoothed with an IRF estimate as advocated by Worsley and Friston (1995) as doing so would broaden the effective autocorrelation function and hence worsen temporal resolution. Temporal smoothing could be avoided here as a form for the residual autocorrelation structure (i.e., the 1/f model; Zarahn et al., 1997) was assumed. In order to achieve maximal spatial resolution, spatial smoothing of the data was not performed.
The independent variable array for the univariate analysis contained eight task variables (i.e., ND1, ND2, ND3, ND4 and D1, D2, D3, D4; Fig. 5 ), low-frequency confounds up to 0.0125 Hz (to remove variable lowfrequency components; Friston et al., 1995b) , and an intercept. The dependent variable contained the 1200 data points of each voxel's time series. The parameters of the model were estimated at each voxel and divided by their standard errors to yield t statistics with 902 effective degrees of freedom (Worsley and Friston, 1995) . Gaussian probabilities were used due to the high degrees of freedom. As spatial smoothing was not performed, Bonferroni correction was used to control a in the face of multiple voxel-wise comparisons (see below).
Methodological Validation
Statistical Specificity
To examine false-positive rates with the TB analysis, 10 human subject ''noise'' datasets (used as well in previous analyses; Zarahn et al., 1997) were subjected to the current method of analysis. A sham sequence of trial conditions (i.e., D or ND) was generated pseudorandomly for each noise dataset and served as the basis of the task variables for that dataset. There were only 160 images per ''noise'' dataset as opposed to 1200 images in the experimental dataset. This should not be important, though, as the false-positive rates for this analysis should depend mainly upon the satisfaction of the assumptions regarding temporal autocorrelation structure (which should be independent of the number of observations) and normality (the ''noise'' datasets, with lower numbers of observations than the Subject V dataset, should only have worse violations of this assumption). Separate statistical maps (t maps, each with 110 effective degrees of freedom) were created for each of the eight weakly correlated task variables for each dataset, yielding 80 maps total. The specificity measure used was the proportion of maps that contained at least one voxel that exceeded the one-tailed, Bonferroni corrected a 5 0.05 threshold for that map.
Functional Sensitivity
We define functional sensitivity as the ability to detect functionally meaningful signal changes. Two tests of functional sensitivity which were performed on the dataset of subject V are described below.
Test 1. As the ND trials involve motor output, we would expect that there should be an observable functional response in the sensorimotor cortex. A search volume in sensorimotor cortex was defined by one of the authors on the T1 (structural) images. The central sulcus was identified as the first medial-lateral sulcus posterior to, and not in contact with, the posterior extent of the superior frontal sulcus on the superior most slices. The search volume included both the sulcus and the surrounding gray matter. This yielded a total (left and right combined) search volume of 200 voxels and a corresponding one-tailed Bonferroni corrected The behavior of the coefficients of the model given successively longer pulses (beginning at time 0) of constant amplitude neural activity. It can be seen that the coefficient of each task covariate begins at zero with zero duration. The coefficient of D1 initially responds with a steep slope. In contrast, the coefficients of D2 and D3 remain relatively insensitive until the duration of neural activity extends further into the delay period. In (B), the first part of A is shown with an expanded time axis to highlight the relative insensitivity of the coefficients of the delay-period covariates (D2 and D3) to roughly the first second of neural input. This schematic assumes a linear transform of neural activity change into BOLD fMRI signal change. Coefficients are normalized to the maximum of the coefficient of D1.
threshold of z 5 3.48 for a region-wise a 5 0.05. The statistical map corresponding to the coefficients of ND1 was masked with this search volume and the number of suprathreshold voxels recorded. Suprathreshold voxels are expected if the TB method is valid (assuming sufficient power).
Test 2. Test 1 is meant to test for fMRI responses related to motor output by testing for relationships with ND1. As there is also a motor output required during the period of time represented by D4 that involves the same musculature (but on completely separate trials), we would expect a functional response during this period as well. As a second test of the functional sensitivity of the TB method, the presence of a relationship with D4 was tested for in the time series of the largest central sulcus regions detected by ND1. The largest contiguous (in 3-D) clusters of suprathreshold voxels in the left and right hemispheres of the search region were used to create two spatially averaged time series, respectively. The coefficient of D4 was tested for significance in these two time series. a was controlled at 0.05 per comparison.
Functional Specificity
We define functional specificity as the selectivity, in time and space, for functionally meaningful signals as opposed to some unspecified source of nonspecific signal. This concept is to be contrasted with statistical specificity. Two tests of the functional specificity of the TB method (thus including the functional specificity of the fMRI signal itself ) were performed in the dataset of subject V. The first dealt broadly with overall temporal and spatial specificity, and the second dealt with spatial specificity.
Test 1. As the activity of neurons in the sensorimotor cortex seems strongly correlated only to motor execution and somato-sensory stimulation that can occur from feedback, we would not expect this region to be active over baseline when no response is being performed in this paradigm. Task variables D1 and ND4 model fMRI signal change during trial periods when no motor output was formally required. We thus checked for the presence of relationships with D1 and ND4 in the spatially averaged time series from the left and right suprathreshold clusters from the sensorimotor search regions. a (one-tailed) was controlled at 0.05 per comparison.
Test 2. On any given trial (either ND or D), the subject could respond with either a left-or righthanded button press. The button pressed denoted the subject's choice on the spatial discrimination for that trial. Though EMG recordings were not performed, the button presses were recorded, and thus it was known whether the subject pressed the left or right button on a given trial. Based on the crossed nature of sensorimotor representation in cortex, we would expect that there would be greater contralateral than ipsilateral sensorimotor neural activity for a given side of button press. If the method of analysis used was functionally specific, then the fMRI signal should also show such a pattern. To test this idea, another GLM analysis was performed on the data of subject V that included separate independent variables for left and right responses corresponding to ND1 and D4. The number of suprathreshold (z . 3.48) voxels in the central sulcus search volume (described above) corresponding to ND1 of the right and left button press trials were examined separately for laterality with the following measure: (number of left hemisphere voxels)/(number of left hemisphere voxels 1 number of right hemisphere voxels). It is expected that this measure will be greater for rightbutton presses than for left-button presses. A voxel count measure (as opposed to a maximum signal measure) was used as it will be sensitive both to increased signal in individual voxels (due to a greater likelihood of such voxels surpassing threshold) and to a greater expanse of cortex being activated (due to a presumed larger muscular representation being involved on the side executing the response than on the contralateral side). The absence of such a pattern would call into question the functional specificity of the method.
Examination of Cognitive Subtractive Assumptions in Context of a Short-Term-Memory Task
If the assumptions of cognitive subtraction in the context of neuroimaging studies of short-term memory (as expressed in Jonides et al., 1993) were to hold, then the fMRI signal change associated with simultaneous target and vernier stimuli presentation and motor response during ND trials (modeled by the variable ND1) should be equal to the combined fMRI signal change associated with the separate target presentation during D trials of target (modeled by D1) and vernier presentation/motor response (modeled by D4) if there was no increase in neural activity during the delay. If this fails to hold, then tests of delay period activity using cognitive subtraction might yield artifactual results. This assumption was tested by computing the contrast of (D1 1 D4) 2 (ND1 1 ND4). If this contrast is significantly different from zero in a region where the delay period activity (as assessed by the contrast D2 1 D3) is not significantly different from zero, then this would suggest that the conjunctive assumption of cognitive subtraction in neuroimaging could have failed. The search procedure accepted voxels that were significantly (two-tailed, a 5 0.05 map-wise Bonferroni corrected threshold 5 4.43) different from zero for the contrast (D1 1 D4) 2 (ND1 1 ND4) and had a z score less than 1.65 for the contrast (D2 1 D3).
Test for Sustained Delay Period Activity
A test for sustained activity throughout the delay period of the task was performed. To be accepted, voxels had to satisfy two criteria. First, the contrast D2 1 D3 had to be significant. This contrast assessed the task effect during the delay compared to the ITI. Second, the contrast (D2 1 D3) 2 (ND2 1 ND3) had to be significant. The purpose of this subtractive criterion was to guard against artifacts due to a poor modeling of subject V's IRF by the independent variables (i.e., subject P's IRF). Each test was performed on the dataset of Subject V, at a map-wise level (5157 voxels, a 5 0.05, one-tailed, Bonferroni corrected for map, threshold 5 4.27). This combined test should be nearly insensitive to BOLD fMRI signal changes caused by neural activity increases during the target presentation and choice periods of D trials (i.e., insensitive to the assumptions of cognitive subtraction; see Logic for Independent Variable Composition and Test of Delay Activity above). It might initially be argued that by including the criterion of significance of (D2 1 D3) 2 (ND2 1 ND3), the design did indeed utilize cognitive subtraction for detection of activity during the delay. However, that argument is not valid as the subtractive criterion was a necessary, but not a sufficient, condition for acceptance. It should also be noted that if the true hemodynamic response was known for every region and every subject, then the subtractive criterion would not have been required.
RESULTS
Statistical Specificity
The proportion of ''noise'' maps containing at least one voxel surpassing the nominal two-tailed, Bonferroni corrected a 5 0.05 threshold (for t statistics with 110 effective degrees of freedom) was 5/80. This proportion of false positive maps was not significantly greater from 5% [a one-tailed binomial test (P 5 0.05, n 5 80) was NS]. As there were 8 maps per subject, the 80 maps may not necessarily be independent due to shared deviations from the modeled temporal autocorrelation structure . However, there was not more than one false positive map per subject, suggesting that the maps were practically independent in this sense. This is a different result than that obtained from previous analyses in ''noise'' datasets that used a lower frequency boxcar paradigm as the assumed input . In those analyses using the same assumed autocorrelation structure (Worsley and Friston, 1995) and a superset of the same ''noise'' datasets, map-wise false-positive rates were significantly higher than that expected from Gaussian inferential statistics . A possibility for the difference in results is that the higher frequency (power primarily $0.033 Hz) paradigm used in the current analysis was in a more stable part of the spectrum than the paradigm assumed in Zarahn et al. (a boxcar with fundamental frequency at 0.0125 Hz).
Functional Sensitivity
Test 1
If the TB analysis is sensitive to neural changes, then it should be able to detect functional responses in the sensorimotor strip associated with the motor output. To test this idea, a search volume that encompassed most of the central sulcus (bilaterally) was defined manually on the T1 images (Fig. 7) . In Fig. 7 , the voxels displaying a positive suprathreshold (using a one-tailed a 5 0.05 threshold, Bonferroni corrected for the combined left and right hemisphere search volumes) relationship with ND1 in this search volume are shown. There were 41 voxels of 105 total voxels above threshold in the left hemisphere search volume (39% of the left search volume) and 29 voxels of 95 total voxels above threshold in the right hemisphere search volume (31% of the right search volume). This result suggests that the TB analysis was indeed sensitive to the motor response related neural activity presumed to occur in this region during ND trials.
Test 2
ND1 and D4 modeled motor responses during ND and D trials, respectively. Since the same types of motor behaviors were required in both the ND and the D trials, the presence of a significant relationship with ND1 in a set of voxels should predict a significant relationship with D4. The time series for the left region (averaged over the voxels that were suprathreshold for the voxel-wise tests for ND1 described above) yielded t 5 13.6 (P , 0.00001) corresponding to ND1 and t 5 11.1 (P , 0.00001) corresponding to D4. The time series for the right region (similarly averaged) yielded t 5 15.0 (P , 0.00001) corresponding to ND1 and t 5 7.8 (P , 0.00001) corresponding to D4. Thus a relationship   FIG. 7 . The sensorimotor search region defined by the authors on the T1 images is shown in translucent green. Overlaid in a red to yellow (low to high t values) color scale are the suprathreshold (a 5 0.05, Bonferroni corrected for search region volume) voxels corresponding to the ND1 task covariate. This covariate models the spatial discrimination (that requires either a left-or right-sided motor response) during ND trials.
with ND1 did predict a relationship with D4, failing to refute the validity of the TB method.
The trial-averaged (for both D and ND trials) time series for the left and right suprathreshold sensorimotor regions are shown in Fig. 8A and 8B, respectively. It can be seen that there is a clear positive transient response associated with both ND1 and D4 in both regions, providing a visual confirmation of the results of the statistical model. The fits provided by the model seem reasonable, though not always superb (particularly for the transients associated with D4; Figs. 8A and 8B).
Functional Specificity
Test 1
A stronger set of assumptions about the function of sensorimotor cortex leads to other tests for functional validity of the TB design. Specifically, if we assume that sensorimotor cortex displays neural activity only during response execution, then we should not observe fMRI responses to task-relevant visual stimulation only (i.e., during D1) in this brain region if this neuroimaging method is valid. However, because there may be some anticipatory motor output associated with the D1 period 3 and no EMG recordings were obtained, a positive result could not conclusively refute the validity of the TB method. Simultaneous monitoring the EMG would allow better experimental control over this variable.
There was a significant relationship with D1 (in which no motor response was required) in the largest contiguous region of the central sulcus of the left hemisphere (z 5 4.86, P , 0.00001), but not on that of the right (z 5 1.45, P , 0.15). However, the relationship with ND1 (when a motor response occurred) was significantly greater than that with D1 (when no motor response was required) in both left and right sensorimotor regions as assessed by the contrast ND1 2 D1 (right side: z 5 9.76, P , 0.00001; left side: z 5 6.32, P , 0.00001). Thus, although there was a significant fMRI response to the presentation of the target alone (i.e., D1) in the left sensorimotor region (but not on the right), the fMRI response was significantly greater when a motor response was known to be consistently produced. Again, interpretation of the significant relationship with D1 in the left-hemisphere region would require better measurement of muscle activity than that utilized in the current design. Additionally, there was no significant positive relationship with ND4 (in which no motor response was required) in the largest contiguous region of the left hemisphere search region (z 5 21.87, P , 0.97) nor in the right region (z 5 2.95, P , 0.83). The contrast of D4 2 ND4 was, as expected given the null relationships with ND4 alone, significant in both the left and the right regions. These results fail to refute the functional specificity of the TB method.
Test 2
A second specificity analysis was performed which compared the fMRI responses in primary sensorimotor regions to the single left-and right-sided button presses during each ND trial. Of the 40 ND trials for Subject V, there were 18 with right-sided responses and 22 with left-sided responses. The GLM analysis was rerun, coding for the right and left motor output trials in separate ND1-independent variables. The contrast specifying only right-sided responses during ND trials yielded 35 suprathreshold voxels (combined across hemispheres) with a laterality index (higher for a higher proportion of suprathreshold voxels in the left hemisphere) of 0.77. The contrast specifying only leftsided responses during ND trials yielded 45 suprathreshold voxels (combined across hemispheres) with a laterality index of 0.29. 4 Note that, though appropriate, this pattern of laterality would occur 25% of the time by chance alone.
An Examination of Cognitive Subtractive Assumptions
The joint assumptions of cognitive subtraction in the context of the short-term memory task employed were tested using the TB design. These assumptions are (1) D trials are composed by inserting a delay into the cognitive processes of ND trials and (2) the transform from neural activity to fMRI signal change is linear. These assumptions could not be tested separately here, but only jointly such that a violation of either or both would result in a failure of cognitive subtraction. Regions were found that may have violated the assumptions of cognitive subtraction. Visual inspection of such a region (shown in Fig. 9) shows that though there is a robust response during the early parts of both ND and D trials, and a similarly robust response during the later parts of D trials, the activity returns to baseline during the delay period. This region was composed of a single voxel in right prefrontal cortex. The contrast for D2 1 D3 yielded a t value of 1.12 (NS) while the contrast (D1 1 D4) 2 (ND1 1 ND4) yielded a t value of 5.6 (mapwise significant at a 5 0.05).
Test for Sustained Delay Period Activity
As a final test of the method, the whole dataset of Subject V was tested for regions that exhibited a significant increase in functional activity during the delay period. Many brain regions displayed such an increase (data not shown; general results will be presented elsewhere). The trial-averaged time series from a region of right prefrontal cortex is shown in Fig. 10 . The t value corresponding to (D2 1 D3) was 6.82 (mapwise significant at a 5 0.05). The increased level of fMRI signal corresponding to the delay period detected by the model (as compared to the ITI) is also evident visually (Fig. 10) . The location of this voxel was only approximately 1 cm away from the voxel whose trialaveraged time series is displayed in Fig. 9 .
The fMRI signal of Fig. 10 displayed peaks at the beginning and end of D trials. This behavior is associated in time with the target stimulus presentation and discrimination periods of D trials. Despite this uneven behavior, the fit of the model was quite adequate (Fig.  10) . This good fit is provided by the use of multiple shifted IRFs which flexibly model the signal changes in each type of trial. Such a close agreement between predicted and observed values would not have been achieved if a single independent variable which spanned the delay period was used.
It might initially be argued that one would not require delay period activity to explain the bimodal behavior displayed during D trials in Fig. 10 . Rather, it might be contended that the observed waveform could simply be explained by the sum of two phasic responses: one associated with the stimulus presentation and one with the choice period. However, this argument is not valid as any variance that can be explained in that manner (i.e., explainable by D1 and D4) will not 4 It may be surprising that there was any ipsilateral sensorimotor activation at all. However, contralateral muscular activity (Dettmers et al., 1995) and ipsilateral functional activation (Dettmers et al., 1995; Schroder et al., 1995; Blinkenberg et al., 1996) have been reported with task-related unilateral movements.
FIG. 9.
The trial-averaged fMRI signal from a region (1 voxel in size) in right PFC. The contrast (D1 1 D4) 2 (ND1 1 ND4) was significantly greater than zero (at a map-wise a 5 0.05) in this region. Additionally, the contrast D2 1 D3 (i.e., corresponding to the covariates that model the delay period) was not significant in this region. Together, these results suggest, but do not prove, that cognitive subtraction failed in this region (for an explanation of the symbols, see legend to Fig. 8 ).
contribute to the significance of the relationship of D2 or D3. This is in fact the basis of the reasoning for the lack of reliance on cognitive subtraction in this setting.
If the same test of cognitive subtractive assumptions applied to the time series of Fig. 9 is applied to the voxel of Fig. 10 , it fails as well [(D1 1 D4) 2 (ND1 1 ND4) yields a t value of 7.13, P , 0.00001]. But again, the variance explainable by D1 and D4 did not contribute to the statistical significance of the coefficients D2 or D3. Thus, the possibility that cognitive subtraction did fail in this voxel does not detract from the conclusion that this voxel did indeed display functional activity that correlated with the delay period. This indifference to the assumptions of cognitive subtraction is a direct result of using a TB design that modeled the fMRI responses during multiple temporal periods within a single trial.
DISCUSSION
The Validity of the TB Design
Statistical specificity was demonstrated for this particular implementation of a TB design. The issue of statistical specificity is of course, not particular to TB designs. However, that the false-positive rate was not significantly different from the nominal level makes the results of the other validation tests, particularly those of functional sensitivity, amenable to interpretation.
The results presented support the sensitivity of the TB design in two ways. First, the fMRI signal changes in sensorimotor cortex had significant relationships with a task variable corresponding to the execution of a motor response during ND trials. Second, in the spatially averaged time series from those same voxels, a relationship was present with another task variable that corresponded to the execution of a motor response during D trials. The absence of such expected functional responses would have provided grounds to dispute the validity of the TB design.
The functional specificity of the TB design implemented here was unable to be refuted. First, periods of time in the behavioral trials that lacked a required motor response (but shared other contextual elements of the task) displayed significantly smaller fMRI signal changes in sensorimotor cortex than periods of time in the trials that required a motor response (in those same time series). Second, laterality of motor output was associated with appropriately lateralized functional activity in sensorimotor cortex.
This latter test of functional specificity involved separate modeling of the fMRI responses corresponding to left-and right-handed motor output which occurred in an experimentally uncontrolled manner according to the subject's choice. This type of analysis based upon uncontrolled trial characteristics could be performed only within the framework of a TB design. This sort of analysis could also be performed using other aspects of behavior in many different behavioral paradigms to test structure:function hypotheses. For example, Aguirre and colleagues (1997) were able to use a TB design in conjunction with a word-recognition paradigm to compare the functional signals in the hippocampus associated with correctly vs incorrectly recognized words (an experimentally uncontrolled variable) as well as old vs new words (an experimentally controlled variable).
Temporal Characteristics of BOLD fMRI Signals and TB Designs
The nature of the quantitative relationship between neural activity and fMRI signal change is not completely understood at present. Though there have been observations of some nonlinearities in the system (Vasquez and Noll, 1996) , it has been reported to be time-intensity separable (Boynton et al., 1996) . That is, varying the intensity, or amplitude, of the input signal (i.e. neural activity) seemed to vary the intensity of the output signal, but not its time course (Boynton et al., 1996) . This observation, if reliable, is very important for fMRI as a neuroimaging method as it allows one to theoretically distinguish between changes in duration and intensity of neural activity by looking for differences in the shape or scaling, respectively, of the fMRI time course (however, see Vasquez and Noll, 1996) . Coarsely, this means that the fMRI signal change associated with neural activity of a certain duration would not be expected to ''leak over'' in unpredictable ways into adjacent temporal periods of the time series when its intensity varies. Rather, the property of time-intensity separability should allow one to model (at least approximately) the fMRI changes associated with neural activity occurring during particular periods of time. Richter et al. (1996) observed well-resolved fMRI responses in contralateral motor cortex to individual finger movements (button presses) that were separated from each other by only a few seconds. The BOLD autocorrelation function obtained in the current study also suggests that a temporal resolution of about 4-6 s should be easily attainable. Increased numbers of observations would theoretically allow detection of a given signal with even more closely spaced set of IRFs. Such a method might be desirable when testing hypotheses about neural events that are separated by only 1 or 2 s. However, more experimental work on the temporal dynamics of the BOLD signal must be performed before such analyses could be interpreted with any confidence.
The data from a separate subject were used to obtain an IRF which was subsequently used in the composition of the independent variables for the TB analysis. It was not known a priori if the IRF obtained from one subject would be applicable to the data of another subject. Richter et al. (1996) reported some variability across subjects in evoked fMRI responses in sensorimotor cortex. Boynton et al. (1996) reported very similar IRFs for two subjects when the IRFs were derived from fMRI responses to periodic visual stimuli and slightly different IRFs when they were determined with pulsed stimuli. In the current study, there seemed to be acceptable, but not superb, agreement between the evoked responses in sensorimotor cortex between the preliminary and the validation datasets used in this study. The fMRI responses in sensorimotor cortex from both datasets peaked (using interpolated values) between 4 and 6 s after the onset of the discrimination stimuli during ND trials. One notable difference between the IRFs from the two datasets was that the IRF from subject V was apparently narrower than that of subject P. This slight disagreement caused a relatively inferior modeling of transients during D4 (compared to ND1). 5 Another difference was the presence of an undershoot observed in subject V but not in subject P. It is possible that the failure to explicitly model the undershoot as a component of the IRF caused an overstringent test of delay activity in subject V. The linear nature of this undershoot would seem to be an important question for the interpretation of all TB designs and a topic for future research. Overall, these results suggest that while using the IRF from a different subject as the basis for forming independent variables is practicable, the IRFs from different subjects do display some variability.
In addition to varying across subjects, the IRF could theoretically vary across regions within a subject. To test this idea one must make an assumption about the temporal profile of neural activity in both regions. If one assumes that the temporal profile of neural activity associated with ND trials was identical in both sensorimotor and prefrontal cortex, then the results presented here suggest that the IRF of a region of the prefrontal cortex peaked at about 2 s after that of the sensorimotor cortex (from Fig. 9 vs Figs. 8A and 8B). A lag difference between regional IRFs was also reported by Buckner et al. (1996) , who showed that within a subject, a prefrontal cortex response peaked about 1 s after the response from an extrastriate region. The regional variation in IRFs could have been due to (1) differing temporal patterns of neural activity in the different regions, (2) regional differences in physiological coupling between neuronal activity and blood flow changes, and (3) regional differences in the diameter of blood vessels contained in the voxels of the observed regional activations (Lee et al., 1995) . However, a second putative IRF from prefrontal cortex presented in the current report had a very similar peak time and width to that of the sensorimotor cortex (Fig. 10) . Additionally, the region of origin for the time series of Figs. 9 and 10 were approximately 1 cm apart. This result casts doubt on the hypothesis of there necessarily being a slower BOLD fMRI IRF in all higher association cortex than in primary (sensorimotor) cortex. Unfortunately though, this result sheds no light on the possible cause(s) of the observed regional variability in fMRI transients (compare Fig. 9 to Figs. 8A, 8B, and 10).
Cognitive Subtraction in Short-Term Memory Paradigms
The use of cognitive subtraction to isolate the neural substrates associated with a particular cognitive process involves the assumption of pure insertion. Pure insertion is the idea that a cognitive process can be added to a preexisting set of cognitive processes without affecting them. To prove this, one would need an independent measure of the preexisting processes in the absence and in the presence of the new process. This is an ill-posed problem as one has no way of differentiating the manifestation of the preexisting processes from the new process when they are together. This problem exists in both chronometric psychological studies (Sternberg, 1969) and neuroimaging (Friston et 5 The reason for the better modeling of ND1 period transients in sensorimotor cortex compared to the modeling of D4 period transients is the presence of the ND2-independent variable. A positive relationship with ND1 combined with a negative relationship with ND2 could effectively model a narrower response than any independent variable alone. As there was no independent variable following D4 in time (i.e., a D5), the mismatch in IRFs between subjects P and V impacted the modeling of this transient to a greater extent.
al., 1996a). In hemodynamic neuroimaging there is a requirement in addition to pure insertion for cognitive subtractive methodology to yield nonartifactual results: the linearity of the transform between neural signal and hemodynamic signal. Without linearity, any subtractive results are prone to artifact, even if pure insertion holds at a neural processing level.
A now commonplace usage of cognitive subtraction in hemodynamic neuroimaging is in the study of the neural substrates of short-term or working memory. The realization of cognitive subtractive assumptions in paradigms which attempt to tap working memory involves the pure insertion of a delay period (during which working memory is engaged) in between a ''perceptual'' process (the presentation of the item(s) to be stored) and a ''choice'' process (making some decision based upon the item that was stored) (Jonides et al., 1993) . The neural substrates of the working memory process engaged during the delay, added to the presumably unchanged perceptual and choice processes, are proposed to be revealed by a subtraction of the integrated (i.e., averaged, summed, or totaled) functional hemodynamic signal during a no-delay condition (analogous to the ND condition of the current study) from that during a delay condition (analogous to the D condition of the current study). It is possible to conceive failures of this contrivance. Artifacts of cognitive subtraction might lead to the inference that a region displayed increases in functional activity during the delay period when in actuality it did not. This possibility received empirical support in the present study. Regions were observed that did not display increases in signal uniquely attributable to the delay, yet showed greater integrated task associated activity during D trials than during ND trials. This result suggests that the validity of cognitive subtraction might not hold in some brain regions in the context of this paradigm. The proposed TB design has the advantage of being able to use the time dimension to resolve the fMRI signal attributable to the delay period from that attributable to the other components of the task. Using this method, regions that displayed functional activity increases uniquely attributable to the delay period were detected. The notable aspect of this result is that it seems nearly immune to possible failures of cognitive subtraction akin to the ones mentioned above. The use of a TB type design should allow similar investigations of the neural substrates of short-term/working memory without the onus of cognitive subtractive assumptions. This approach is similar conceptually to the manner in which these processes are studied in nonhuman primates electrophysiologically (Fuster, 1982) .
The evidence against the use of cognitive subtractive methodology in this paradigm was derived from a region that did not display sustained activity during the delay. Nevertheless, it would be logically incorrect to conclude that cognitive subtraction has been irrefutably shown to not hold from the results of this study. 6 However, to the extent that an the inability to find such a region would have supported cognitive subtractive assumptions, this result provides grounds for being somewhat wary of the fruits of cognitive subtraction in this paradigm. Future electrophysiological experiments in nonhuman primates explicitly aimed at testing cognitive subtraction using classic short-term memory paradigms would be helpful in addressing this major issue in cognitive neuroscience and neuroimaging. A benefit of performing these studies electrophysiologically (in addition to the greatly increased temporal resolution) would be that the pure insertion (in a neural processing sense) assumption could be examined separately from the BOLD system linearity assumption.
The test for delay activity used here involved comparisons of trial-evoked fMRI responses with the ITI. This hypothesis test is to be contrasted with those performed in blocked designs that involve comparisons of the average signal during a block of D trials to the average signal during a block of ND trials. In addition to the problem of collapsing across behavioral subcomponents within a trial, this latter test would be sensitive to contributions from the block-specific ITIs. The TB design used here controlled this confound by randomizing trial order, thus making prediction of trial type, and hence the engaging of trial-type specific processes during the ITI, impossible.
Relation to Previous Work
The modeling of phasic changes in fMRI signal has been proposed previously (Friston et al., 1995b) . Friston and colleagues described an analysis method using basis functions as covariates for the purpose of modeling task-dependent adaptation as well as other types of transient responses in blocked designs. There was no extension to TB analysis. However, an important general methodological concept presented in that report was the use of a priori defined response functions in the context of the GLM to model phasic fMRI changes. This method has been applied here to effect a TB design and analysis. In the current implementation of the general method of Friston et al. (1995b) , the chosen response functions were shifted IRFs. Though these functions should not be formally considered a set of basis functions (as they do not strictly span the space of all possible responses), they did seem to provide generally adequate fits to the observed fMRI signal changes. Also, the use of shifted IRFs as the response functions did have the advantage in this context of complete, in theory, explanation of the expected fMRI signal changes attributable to neural activity at the beginning and end of D trials. Buckner et al. (1996) have examined the trialaveraged fMRI signal observed during behavioral trials in which subjects engaged in word-stem completion. Transient fMRI responses to these behavioral trials were reported in prefrontal cortex and extrastriate visual areas. They reported overlap in the activation maps derived from analyses of the fMRI signal changes associated with word-stem completion in single trial and blocked designs. This result is sufficient for demonstrating at least some validity of TB designs, contingent of course upon the validity of blocked designs. However, complete overlap in the results from a blocked design and a trial-based design would not seem necessary for the validity of TB designs to hold. This is because of all the differences between TB and blocked designs (see Introduction). Indeed, if single-trial designs and blocked designs were always expected to yield the same results, then there would be no purpose for choosing one over the other. On the contrary, the impetus for this report is the possibility that there could be meaningful differences in the information provided by TB and blocked designs.
There are notable differences between the analysis methods used by Buckner et al. (1996) and those outlined in the current report. The statistical method used in Buckner et al. (1996) was the KolmogronovSmirnov (KS) test. This test is sensitive to any difference in the cumulative probability distributions of two sets of data (Press et al., 1988) . A significant difference between two conditions obtained with the KS test cannot necessarily be attributed to a difference in means between conditions. In contrast, the current report utilized a parametric statistical model that was sensitive to covariations between the functional hemodynamic signal and a priori defined response functions (Friston et al., 1995b) . It is these covariations in BOLD signal which have been demonstrated to be functional markers in physiological studies (Kwong et al., 1992; Ogawa et al., 1993; Malonek and Grinvald, 1996) .
CONCLUSIONS
In summary, we have described and provided an initial validation for a class of fMRI experimental designs referred to as a trial-based designs. Trial-based designs exploit the temporal resolution of fMRI to model fMRI signal changes associated with behavioral trials as opposed to blocks of behavioral trials. Widely applicable advantages of this method, from an experimental psychological perspective, include the ability to (1) randomize the presentation of behavioral trials and (2) utilize intertrial variance in uncontrolled behavioral measures to examine their functional correlates. A further advantage of the particular TB design described here is the ability to look separately at the neural substrates of behavioral components temporally dissociable on the order of a few seconds. Important methodological issues for future research in this area are the linear/nonlinear properties of the BOLD signal and the possibility/causes of intersubject and interregion variation in evoked BOLD IRFs.
